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Introduction
In neurons, calcium signalling is critically important for multiple processes including synaptic information transfer, modulation of excitability, synaptic plasticity and excitationtranscription coupling (for review, see (Berridge, 2005; Grienberger and Konnerth, 2012) .
The selective activation of individual forms of calcium-mediated signal transduction is achieved by tight regulation of calcium signals both in time and space. Temporal limitations of Ca 2+ fluxes are largely determined by the kinetics of membrane-associated voltage and/or ligand-gated calcium-conducting ion channels and pumps that serve as primary source of calcium fluxes through the plasma membrane. To restrict calcium transients in the spatial domain, neurons employ a number of mechanisms aimed to control free Ca 2+ ions within and to actively extrude Ca 2+ from the cytoplasm (Grienberger and Konnerth, 2012) . As a consequence, the efficacy of calcium transients strongly depends on the physical distance of the calcium source to Ca 2+ sensors as their molecular targets. In spite of these aspects, compartmentalized calcium signals provide the possibility to activate individual cascades depending upon the temporal profile of calcium fluxes and their spatial position to Ca 2+ -sensing proteins. However, the nanometre-range compartmentalization within membranes is not static, but is influenced by stochastic and/or activity-dependent changes in the spatial configuration of signalling molecules. The motion of membrane-associated molecules allows a dynamic assembly and dissociation of molecular signalling complexes and hence serves as a mechanism limiting the time span of nanometre-precise coupling between calcium source and sensor. Together, the local molecular crowding within the membrane, the density of calciumconducting channels and their affinities for molecular interaction influence the effective timescale of calcium signals in a given membrane compartment. Thus, signalling capacity of Ca 2+ -permeable ion channels is defined not only by their kinetic properties and the dimension of a single calcium domain, shaped by calcium binding molecules, but also by ongoing rearrangement of their local environment over time. Recent development of imaging techniques allows the visualization of this dynamics within such tiny membrane compartments as chemical synapses or membrane junctions between cellular compartments.
Here, we will overview some variables affecting the dynamics of calcium signalling in neurons and their impact in the time range between milliseconds to minutes, the critical time window for induction of neuronal plasticity (Paton and Buonomano, 2018) .
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Calcium channel signalling-related machinery in neurons
A pre-requisite for Ca 2+ -mediated signalling is a low concentration of free cytosolic calcium ([Ca 2+ ] i ), which under resting conditions is several orders of magnitude lower than within intracellular calcium stores or in the extracellular space. Therefore, opening of Ca 2+ -permeable ion channels located in the plasma membrane or endoplasmic reticulum (ER) results in rapid calcium influx along the gradient. Such localized calcium signalling is best understood in chemical synapses, where precise arrangement of structural components and a tight control of [Ca 2+ ] i are required to maintain synaptic transmission (for review, see (Augustine et al., 2003; Neher and Sakaba, 2008) ). The distance between VGCCs and synaptic vesicle (SV) needs to be within approximately 100 nm to trigger the release of neurotransmitter into synaptic cleft (for review, see (Eggermann et al., 2012) (Yuste et al., 1999) , N-methyl-D-aspartate receptors (NMDARs) (Kovalchuk et al., 2000) and the endoplasmic reticulum (ER) (Emptage et al., 1999) . The release from the ER can be induced by activation of G protein-coupled receptors (e.g., metabotropic glutamate receptors, mGluRs) followed by activation of phospholipase C, the generation of inositol-1,4,5-trisphosphate (IP 3 ) and its binding to the IP 3 receptors (IP 3 Rs) (Nicoletti et al., 2011) . A second mechanism is the calcium-induced opening of ryanodine receptors (RyR) in the ER membrane by elevated cytosolic free calcium, known as calcium-induced calcium release (CICR).
The molecular complex of VGCC consists of the pore-forming α1 subunit and auxiliary β and α2δ subunits. A recently reported α2δ-like subunit, called Ca 2+ channel and chemotaxis receptor domain containing 1 (Cachd1) protein alters the surface expression and kinetic properties of VGCC as well (Cottrell et al., 2018; Dahimene et al., 2018) . Due to differences in the voltage and calcium sensitivity of various isoforms of the α1 subunit, which to a large extent defines the specific kinetic properties of the channel, VGCCs can be classified into high and low voltage-activated VGCCs. The auxiliary β and α2δ subunits are essential for the membrane trafficking of predominantly high voltage-activated calcium channels and modulation of their kinetic properties (Brockhaus et al., 2018; Campiglio and Flucher, 2015;  M A N U S C R I P T
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5 Dolphin, 2012; Etemad et al., 2014; Hoppa et al., 2012) , whereas the Cachd1 protein has also impact on traffic und gating of low voltage activated calcium channels (Cottrell et al., 2018) .
The diversity in the subunit composition provides a possibility of context-dependent adjustment of VGCC-mediated calcium signalling. Alternative splicing of calcium channel subunits expands the functional spectrum of VGCCs even further (Geisler et al., 2019; Lipscombe et al., 2013; Thalhammer et al., 2017) . Already with the diverse combinations of subunits and their structural diversity by alternative splicing illustrate the diversity of signalling complexes where VGCC are involved in.
In dendritic locations, calcium transients depend on several sources (for review, see (Sabatini et al., 2001) ), including VGCCs mainly acting along the dendritic shaft, while ionotropic glutamate receptor-mediated calcium fluxes (mainly NMDAR-dependent) are dominant in dendritic spines (Nakamura et al., 2002) . Again, the capacity of the initial signal to trigger distinct calcium signals, such as CICR, depends on the localisation of the involved channels and their association with other proteins in close vicinity. Here, the discovery of the molecular components that are essential for the formation of store-operated calcium channels (SOCCs) (Lacruz and Feske, 2015; Soboloff et al., 2012) -Wang et al., 2012; de Juan-Sanz et al., 2017; Holbro et al., 2009; Spacek and Harris, 1997) . Direct interaction between signalling complexes in the plasma membrane and the ER-membrane are mediated by frequently occurring membrane-membrane contacts (Wu et al., 2017) . One example for membrane-membrane contacts controlling calcium signalling is a complex build between L-type VGCCs at the plasma membrane and ryanodine receptors (RyRs) in the ER, well known from muscle cells (Franzini-Armstrong, 2018; Nakai et al., 1996) , which was shown to be relevant in neurons too (Chavis et al., 1996) . SOCCs, also known as calcium release-activated Ca 2+ channels (CRAC) (Hoth and Penner, 1992) , consist of calcium-sensing stromal interacting molecules (STIMs) within the ER membrane and poreforming Orai proteins in the plasma membrane (for review, see (Prakriya and Lewis, 2015) ).
STIM1 is a type I transmembrane protein originally described in immune cells (Oritani and Kincade, 1996) that plays a key role as main activator of store-operated channels and membrane-associated calcium sensor in the ER (Liou et al., 2005) . The direct physical interaction between STIM1 and Orai via the channel activation domain is needed to form and activate SOCCs (Park et al., 2009 ). In the brain, STIM2 was shown to be the predominant
member of STIM proteins expressed (Berna-Erro et al., 2009) . Upon depletion of internal calcium stores, oligomers of STIM are translocated to tight membrane contacts (10-15 nm) between the plasma membrane and the ER membrane (Zhang et al., 2005) , where they bind to Orai located at the plasma membrane (Liou et al., 2005; Prakriya et al., 2006; Soboloff et al., 2012) . STIM1 also directly binds to the C-terminus of L-type channels (Ca V 1.2), suppresses their depolarization-triggered opening and induces their internalisation (Park et al., 2010; Wang et al., 2010) . Furthermore, activation of STIM1 in neurons can induce structural changes in the ER that depend on L-type VGCCs (Dittmer et al., 2017) . Additionally, in cerebellar Purkinje neurons STIM1 strongly regulate the calcium concentration within the ER.
Here, the absence of STIM1 attenuates mGluR-triggered synaptic potentials and IP 3 receptor activation (Hartmann et al., 2014) .
Another group of proteins involved in membrane-membrane contacts are STAC proteins that are essential for the molecular complex between VGCCs in the plasma membrane and RyRs in the ER membrane, and participate in the coordination of CICR Polster et al., 2018) . Intriguingly, STAC2, most dominant in neurons, was recently reported to suppress Ca V 1.2 channel calcium-dependent inactivation (Polster et al., 2018) , in striking contrast to the action of STIM proteins.
In addition to these protein-protein interactions across membranes and within the calcium conducting core complexes, lipid-protein interactions surrounding these complexes are also important. Modulated by local calcium transients, these lipid-protein interactions are very relevant for the presynaptic vesicle release and endocytosis (Lauwers et al., 2016) .
Investigation of lipid microdomains (rafts) indicated that presynaptic Ca V 2.1 (P/Q-type channels) are associated to lipid microdomains and SNARE proteins, whereas Ca V 1.2 (L-type channels) are not found in such lipid domains (Taverna et al., 2004) . In sensory synapses, the depletion of cholesterol from the membrane has direct impact on the lateral dynamics of α2δ4 subunits, supporting the idea that local lipid rafts contribute to the nanoscale organization of VGCCs (Mercer et al., 2011) . The proposed preferential recruitment of lipid-anchored α2δ subunits to the local lipid environment of calcium channels (Robinson et al., 2010 ) may contribute to the very high dynamics of α2δ subunits in the cellular membrane (Voigt et al., 2016) .
The growing body of evidence shows that VGCCs are controlled by additional interaction partners beside their auxiliary subunits (Muller et al., 2010 ) that probably change their binding affinity to the channel complex in an activity-dependent manner (Park and Suh,
). This raises the question at which timescale such interactions can be relevant and functionally effective.
Interestingly, the ER has been found to be transiently present in many postsynaptic spines, but most frequently found in large mushroom-like spines (Ng et al., 2014) . Here, direct synaptic activation leads to large-amplitude calcium transients, which depend on the activation of group I mGluRs and IP 3 Rs (Holbro et al., 2009 ). In turn, STIM2 and synaptic store-operated calcium entry were shown to play essential role in long-term maintenance of mushroom spines (Sun et al., 2014) . This demonstrates that calcium-permeable channels can alter their signalling capacity with and without the possibility to communicate with other cellular compartments.
Calcium-binding proteins, such as calmodulin, parvalbumin, calretinin and calbindin, potently affect the amplitude and time course of calcium fluxes and can dramatically change the outcome of Ca 2+ entry (Caillard et al., 2000; Tadross et al., 2013) . Notably, the capacity of internal calcium buffers is relatively low and the Ca 2+ transients are terminated rather by calcium pumps, which work two orders of magnitude faster (Sabatini et al., 2002) . Calcium pumps ensure the low [Ca 2+ ] i in the cytosol and are efficient to control sub-membrane calcium concentrations (Brini and Carafoli, 2009; Schmidt et al., 2017a (Falchetto et al., 1991) . Out of four PMCA isoforms, PMCA2 has the highest affinity to calmodulin and is abundantly expressed in neurons (Strehler and Zacharias, 2001) . The expression and function of PMCAs in the cell membrane depend on interactions with additional proteins and a specific lipid environment.
First, the protein Basigin was found to be essential for the activity of PMCA suggested by investigation of Drosophila larvae deficient for Basigin (Besse et al., 2007) . In mammalian neurons, two proteins are essential for the correct function of PMCAs. Basigin and the pralog Ig superfamily protein Neuroplastin are necessary for the function and surface expression of the PMCAs (Schmidt et al., 2017a ). This has been tested in a defined system expressing VGCC as calcium source and large conductance Ca 2+ -activated K + (BK) channels as sensor.
Depending on the expression level of PMCA2, the voltage-dependent activation of BK channels is shifted and can be used as a readout of local [Ca 2+ ] i (Schmidt et al., 2017b) .
Interestingly, the activation of BK channels is sensitive to the density of PMCA2 molecules in
the cell membrane, which depend on the abundance of Neuroplastin and Basigin. Both adhesion molecules are important for the traffic and surface expression of PMCAs (Schmidt et al., 2017b) . How these adhesion molecules influence the position of the PMCA in respect to VGCC needs to be explored. The importance of Neuroplastin for synaptic plasticity has been demonstrated in two sets of experiments. First, the induction of kainate-triggered seizures leads to a strong increase of Neuroplastin in the PSD. Second, the perfusion of brain slices with specific antibodies against the Ig domains of Neuroplastin did not alter basal synaptic activity but prevented the maintenance of hippocampal LTP (Smalla et al., 2000) .
Further investigations in inducible Neuroplastin knock-out mice supported the function of Neuroplastin for learning and memory (Bhattacharya et al., 2017 
VGCCs as a core component of calcium-mediated signalling
One of the most fascinating and best explored examples of functional coupling between calcium source and calcium sensor is the fast action potential (AP)-triggered release of SV in chemical synapses. The spatial proximity of VGCCs to the calcium sensor of SVs is the key parameter of efficient coupling between VGCC opening and SV release that was discussed in detail in excellent recent reviews (Bohme et al., 2018; Eggermann et al., 2012; Stanley, 2016; Sudhof, 2013) . Due to the defined readout of synaptic activity and the knowledge of conductance properties of VGCCs, the size and extension of calcium nanodomains can be well defined by exogenous calcium buffers (Adler et al., 1991; Schneggenburger and Neher, 2000; Swandulla et al., 1991) and have been used to explore nanodomain signalling along the neuronal membrane.
Other examples for tight coupling between VGCC and calcium-gated or -modulated ion channels or calcium-sensitive enzymes revealed that tight coupling between VGCCs and M A N U S C R I P T
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effector molecules reflects a common feature of fast calcium signalling (Berkefeld et al., 2006; Constantin et al., 2017) . For example, in cartwheel inhibitory interneurons of the dorsal cochlear nucleus, burst generation is controlled by Ca 2+ acting through two interconnected nanodomains comprising either P/Q-type calcium channels and RyRs, or RyRs and BK channels. Here, Ca 2+ influx through P/Q-type calcium channels leads to activation of RyRs in the ER membrane followed by CICR, which, in turn, activates BK channels within a single AP directly beneath somatic, but not dendritic or axonal, P/Q-type calcium channels.
Importantly, the BK channel-mediated currents were blocked only by BAPTA (a fast calcium buffer), indicating nanodomain-coupling of these channels. In addition, immunolabelling revealed co-localization of RyRs and BK channels. This double nanodomain coupling between VGCC, RyRs and BK channels demonstrated how electrical signal of action potentials can be rapidly converted into changes of membrane excitability (Irie and Trussell, 2017) .
As illustrated by these examples within the neuronal membrane (Fig.1) , a certain fraction of the total VGCC population expressed in the membrane will always be engaged into signalling complexes, with their signalling capacity being dependent on the kinetic properties and interaction to intracellular binding partners. However, another possibility to regulate the distribution and efficiency of calcium transients could be a change of the local density of VGCCs. Indeed, it has been shown recently that in neurons within the suprachiasmatic nucleus (SCN) the dynamic coupling between BK channels and their calcium sources contributes to the circadian regulation of SCN firing frequency. Whitt and colleagues have found that the BK channel currents were reduced by nimodipine, indicating that L-type VGCCs drive the activation of BK channels (Whitt et al., 2018) . At night, BK channelmediated currents were strongly inhibited by the RyR antagonist dantrolene, suggesting a major contribution of RyR-mediated CICR. Notably, blockade of P/Q-and N-type VGCCs led to reduction in BK currents as well, but the effect did not depend on the day-night cycle.
Together, these findings demonstrated that changes of calcium source density contribute to the circadian differences in firing rate of SCN neurons, which depends on the expression of Ltype VGCCs that varies during the day (Whitt et al., 2018) .
Thus, on one hand VGCCs are intimately involved into very fast (µs to ms) calcium-mediated signal transduction that demands tight coupling between the channel and Ca 2+ sensor, which depend on nanodomain signalling, as often observed in presynaptic compartments (Stanley 2016 ). On the other hand, massive changes of the membrane population of VGCCs are rather M A N U S C R I P T other subcellular membrane regions and should be taken into consideration. Indeed, lateral diffusion of proteins and lipids in the membrane was shown to be very effective in the assembly and alternation of signalling complexes within the viscous environment of the cellular membrane of various cell types including neurons (Dustin and Colman, 2002; Dustin and Depoil, 2011; Poo, 1985; Triller and Choquet, 2003) .
In this context, lateral mobility of VGCCs can serve as mechanism underlying dynamic shuffling of membrane-associated proteins. Such dynamic rearrangement allows not only to adjust the effective coupling distance between VGCCs, sensor proteins or pumps already present in a given compartment, but also to compensate the functional loss of VGCCs that are in an inactivated state.
Mobility of VGCC and their relevance for intracellular signalling
Using single particle tracking techniques, VGCCs were found to be mostly confined in small membrane domains, yet being able to move within these domains or exchange to neighbouring regions (Di Biase et al., 2011; Mercer et al., 2011; Schneider et al., 2015) . At the presynaptic membrane, a fast diffusion-mediated exchange of VGCCs between individual release sites might be a possible mechanism to optimise the use of the local calcium channel population. Interestingly, we observed that both EGTA and BAPTA decrease channel mobility (Schneider et al., 2015) . Considering that local lateral diffusion within membrane compartments can rapidly change the relative distance between VGCCs and SVs, it might dynamically alter the release probability during bursting activity at synapses. Thus, the pronounced confinement of calcium channels by EGTA and BAPTA might reflect the reduced coupling between VGCCs and SVs complementary to the direct action of the chelators on the spatial constraints of calcium channel-mediated transients. Depending on the local density of VGCCs in the synapse, their local mobility most likely increases the release probability by assigning individual VGCCs to several release sites within the active zone.
Multiple molecular mechanisms that link VGCC to a particular release site within the active zone of the presynaptic membrane have been proposed. Among others, they include interactions between SNARE proteins and the synprint region, a large intracellular loop M A N U S C R I P T
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between the II and III transmembrane segments of the pore-forming subunit of Ca V 2.1 and Ca V 2.2 channels (Rettig et al., 1997) , as well as the interaction of the β subunit with the active zone scaffold protein RIM (Kiyonaka et al., 2007) and the distal C-terminus of the poreforming α1 subunit, which has binding domains to RIM and RIM binding protein (Han et al., 2011; Hibino et al., 2002; Kaeser et al., 2011; Liu et al., 2011) . However, Ca V 2.1 channels that lack the distal proportion of the C-terminus were found to also accumulate in the presynaptic terminal without altering the synaptic transmission (Cao and Tsien, 2010; Lubbert et al., 2017; Schneider et al., 2015) . Investigations on the C-terminus of CaV2.2 channels and their association with SV in an isolated preparation suggest that the C-terminus might function as a flexible linker rather than a recruiting structure (Gardezi et al. 2016 , Stanley 2016 . Furthermore, splice variants of Ca V 2.2 channels lacking a large proportion of the synprint region are still trafficked into the axon, but show a weak cooperation within synaptic terminals (Szabo et al., 2006) . These studies indicate that many interactions between the core complex of presynaptic VGCCs with presynaptic SNARE proteins and scaffolds confine these channels within the dynamic environment of the presynaptic membrane and, in the same time, provide a possibility to tune the distance between channels and ready releasable vesicles. The direct impact of such dynamic confinement of VGCCs in the presynaptic membrane on shortterm plasticity and release probability requires a further investigation.
The mainly dendritically expressed Ca V 1.2 channels are distributed in clusters along the neuronal membrane, where channels are either transiently immobilised or confined within small membrane regions. A small fraction of Ca V 1.2 channels can escape from such confined areas and interchange with neighbouring clusters (Di Biase et al., 2011) . In about 30% of postsynaptic spines, Ca V 1.2 channels are present and mobile within confined regions. Due to the large number of identified proteins and cytoskeletal elements interacting with Ca V 1.2 channels, similar to that for briefly mentioned presynaptic VGCC, there are various mechanisms that can potentially restrict lateral mobility of these channels. The C-terminus of the Ca V 1.2 channel was shown to be involved into the induction of synaptic plasticity within postsynaptic signalling complexes involving β-adrenergic receptors and PKA activity (Davare et al., 2001; Patriarchi et al., 2018; Qian et al., 2017) . Mimicking the phosphorylation sites within the C-terminus of the Ca V 1.2 channel, which are relevant for their function in synaptic plasticity, affects the surface mobility of Ca V 1.2 channels and reveals a dynamic organization of signalling complexes modulated by the C-terminal phosphorylation of L-type VGCCs (Folci et al., 2018) . This indicates that tighter or looser association of calcium channels to M A N U S C R I P T
different signalling complexes can be a variable to orchestrate intracellular signalling processes.
Store-operated calcium channels provide another striking example for the spatio-temporally restricted interaction between Ca 2+ -conducting and Ca 2+ -sensing proteins (Fig. 2) . SOCCs represent only temporary assembly, driven mainly by lateral diffusion of their essential subunits (Deng et al., 2009; Liou et al., 2007; Liou et al., 2005) . The plasma membraneassociated population of Orai channels function only in association with STIM proteins, which are calcium-sensing proteins located in the ER membrane. A steady decrease in the calcium concentration within the ER triggers the aggregation of STIM proteins and their assembly with ORAI channels. Importantly, STIM proteins can also associate with Ca V 1.2 channels. In particular, the STIM1-Ca V 1.2 interaction leads to the inactivation of Ca V 1.2 channels and was proposed as a fast mechanism to control Ca V 1.2 channel activity based on the rapid rearrangement of calcium sources and sensors (Park et al., 2010; Wang et al., 2010) .
In hippocampal neurons, the repetitive (1 Hz or higher) stimulation of synapses by glutamate uncaging revealed NMDAR-induced activation of RyRs leads to STIM1-mediated silencing of Ca V 1.2 channels in the dendritic segment around this synapse (Dittmer et al., 2017) . These elegant experiments confirmed that fast molecular reorganisation alters local signalling capacity. In fact, only in spines activated with frequencies above 1 Hz a growth of spines and their ER membrane content was observed, together with corresponding changes in synapseto-nucleus signalling mediated by NFAT translocation (Dittmer et al., 2017) .
A rather indirect indication of a dynamic reorganisation of calcium signalling comes from studies of axonal calcium transients. Recordings at physiological temperature have uncovered a significant contribution of SOCC-mediated calcium signals to axonal calcium transients (de Juan-Sanz et al., 2017), but the impact of changes in the temperature on the dynamic assembly of STIM/Orai complexes remains to be tested. For membrane-associated receptors and channels, rapid changes in the temperature directly affect two aspects: biochemical efficacy, which can be characterized by the Q10 value, and a change in membrane viscosity.
Intriguingly, the neuronal activity and circuit function are surprisingly robust to fast temperature fluctuations in poikilothermic animals (e.g., crustaceans), but are strongly affected in homoeothermic animals (Marder et al., 2015; Robertson and Money, 2012) . This sensitivity has been used to dissect the contribution of excitability and synaptic connectivity within distinct neuronal circuits as demonstrated in song birds (Long and Fee, 2008) . VGCCs are particularly sensitive to temperature, which suggests several mechanisms how the cell M A N U S C R I P T
13 provides transient, localisation-specific signalling of calcium channels. In particular, the activation and inactivation of VGCCs have been reported to be extremely sensitive to temperature with Q 10 values up to 5-10 (McAllister-Williams and Kelly, 1995; Nobile et al., 1990) . On the molecular level, the kinetic properties of different isoforms of VGCC are strongly dependent on temperature (Liu et al., 2003) . The dependence of VGCC function (and calcium signalling in general) on temperature could be one of the reasons why temperature needs to be tightly controlled, because an acute increase in temperature can lead to epileptic seizures associated with enhanced VGCC-mediated signalling (Radzicki et al., 2013) .
However, despite the intuitive influence of the temperature on the mobility of proteins within a lipid membrane, it can easily be masked or counterbalanced by many other effects, for example the massive changes in VGCCs' kinetics.
The most direct approach to demonstrate the physiological impact of lateral mobility is based on optogenetic manipulations of channel mobility. Light-induced dimerization or clustering of L-type channels (Ca V 1.3) or STIM1 has profound impact on the excitability of cultured neurons (Kyung et al., 2015; Moreno et al., 2016) . This effect likely involves the calciuminduced changes in the affinity of the C-and N-terminal lobes of calmodulin (DeMaria et al., 2001) , which can interact with binding motives within the C-terminus of VGCC (Catterall and Few, 2008; Moreno et al., 2016) . Depending on the length of the C-terminus, which is subject of alternative splicing, local calcium changes can induce calmodulin-dependent cooperative gating of Ca V 1.3 channels and hence lead to an activity-dependent amplification of local calcium signalling (Moreno et al., 2016) .
Conclusions/Summary
The diversity of calcium signalling mechanisms and the large variety of Ca 2+ -dependent physiological processes that differ in their temporal characteristics strongly suggest that there is a continuum of corresponding time scales of calcium-mediated signal transduction from milliseconds to minutes and hours. Certain time ranges -either very fast VGCC-mediated signalling (synaptic transmission), or very slow (transcription, long-term plasticity) were studied in detail in numerous studies. However, similarly to the gap between spike timingdependent plasticity in the range of milliseconds and behaviour that is actuated in seconds range (Drew and Abbott, 2006) , the Ca 2+ -mediated signalling within intervals from tens of milliseconds to seconds and minutes is explored very little yet. Recent data on the mobility of Activity-dependent recruitment of contacts between plasma membrane (PM) and endoplasmic reticulum (ER) in the dendritic compartment can have multiple consequences for signalling of VGCCs within the neuronal membrane. Fluctuations in the Ca 2+ concentration in the ER lead to a diffusion-driven redistribution of ER membrane-associated calcium sensing proteins, such as STIM1 and STIM2. Three proposed complexes are illustrated: A) C-terminal association between Ca V 1.2 channels and STIM1 proteins in the ER-membrane inactivate Ca V 1.2 channels (Park et al. 2010 , Wang et al. 2010 . B) The association of STAC proteins to the C-terminus of Ca V 1.2 and Ca V 1.3 channels reduces the calcium-dependent inactivation of those channels and might modulate L-type mediated CICR in signalling complexes with RyR (Polster et al. 2018 ). C) The activity-dependent clustering of STIM2 proteins in the postsynaptic compartment regulates the PKA-dependent phosphorylation of AMPAR via recruitment of AKAP (Garcia-Alvarez et al. 2015) and might contribute to the PKAdependent phosphorylation of Ca V 1.2 channels in the postsynaptic density (Patriarchi et al. 2018) .
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